This paper explores the long term sustainability of Argentina's specialization in genetically modified soybean cultivation. It is conceived as an evidence-based assessment of the most relevant economic, social, and environmental, implications of the "soybeanization" of Argentinian agriculture. We combine 2 sources of primary and secondary quantitative data: the National Agricultural Census, and farm level data from a field survey carried out in 2 provinces of the Argentinian Pampas. Our results suggest a major conflict between the success of the "soybeanization" of Argentinian agriculture measured in terms of production and profit records, and the social, economic, and environmental sustainability of this new model of production. GM soybean package adoption has increased farm productivity, and has reduced the costs per unit produced. The resulting dramatic increase in profits constituted a strong incentive to extend the scale of production. The development of companies comprising actors from both agricultural and non-agricultural sectors, constituted a good way to extend the scale of production. But this technological innovation in agriculture has been the source of numerous criticisms. It is widely held among Argentinian researchers, in particular, that soybean expansion has increased land inequality and displaced labor. However overall we find a mixed empirical picture of changing land distribution patterns and labor displacement resulting from the soybean expansion. The environmental implications of agricultural biotechnology are alarming, and the long-term sustainability of GM crops can seriously be questioned. In a context where GM soybean production has become one of the strategic components of Argentina's economy, as well as in the country's international positioning, our results suggest that it is highly unlikely that the government will implement policies against this precious crop and its by-products. However, promoting sustainable agricultural growth has become not only desirable, but necessary.
Introduction
Agriculture has long been a central activity of Argentina's economy. The country has a big natural comparative advantage for the production of many agricultural products: 33.5 million hectares of arable land, deep and fertile soils, fairly regular rainfall, and direct access to the sea. In 2014, the agrofood sector generated 7% of the Gross Domestic Product (GDP) while processed agricultural and livestock products accounted for 62% of total exports. 1 The transgenic Roundup Ready (RR) soybean was introduced in 1996 in Argentina and, since then has been so rapidly adopted that now Argentina is the most intensive user of biotech seeds in the world. Between 1996 and 2014, production increased at an average rate of 2.4% a year, mainly at the expense of cattle production, and competing summer crops such as maize, sunflower and wheat. During the last agricultural season (2014) (2015) , genetically modified (GM) soybean was cultivated on nearly 20 million hectares, which represented 60% of total land cultivated. The production reached a record of 61 million tons. The oilseeds sector has thus gradually become a strategic sector of Argentina's economy. It contributed in a big way to restoring the macro-economic fiscal balance after the severe Argentinian economic depression of 1998-2002, to generating a large trade surplus and foreign exchange resources, and to supporting economic growth. In 2013, the soybean sector accounted for 24.5% of total exports of the country. In the same year Argentina dominated the international market for soybean pellets with nearly 57% of world exports, ahead of the United States and Brazil.
The dramatic productive performance of GM soybean cultivation has been triggered by deep technical and organizational changes, summarized in the expression "el modelo sojero". This model consists of intensive, large-scale, mechanized production, and a very efficient management of farming operations based on new forms of association between farmers known as "pooles de siembra", and leasing services for the main farming operations (Hernandez, 2009 ). However, the social and environmental implications of biotechnological agriculture have recently been a source of concern, and its long-term sustainability seriously questioned (Alabaldejo and De Sartre, 2012; Bouza et al., 2016; Carreño et al., 2012; de la Fuente et al., 2006; Gavier-Pizarro et al., 2012; Leguizamón, 2013) . Corporate dominance, land concentration, loss of farm jobs, and an increase in income inequality are among the negative socio-economic effects which are most often cited, although these issues are not well documented. Land use change, from forest or pasture, to cultivated land, excessive use of chemical inputs which contamine soils and groundwater, destruction of ecosystems, and erosion of biodiversity, constitute the harmful environmental impacts which have been highlighted (Bouza et al., 2016; Gavier-Pizarro et al., 2012; Pengue, 2005) . The emergence of health problems, such as respiratory illnesses or high incidences of cancer resulting from aerial spraying of pesticides have also been reported (Arancibia, 2013; Gallegos et al., 2016) . This paper explores the long-term sustainability of the Argentinian specialization in GM soybean production. Because sustainability is a very multidimensional concept, this paper is conceived as an evidence-based assessment of the most relevant economic, social, and environmental implications of the "soybeanization" of Argentinian agriculture. Our contribution is twofold: first, we combine 2 sources of primary and secondary quantitative data : the Argentinian National Agricultural Census of 2002 2 , and farm level data from a field survey carried out in 2011 in 2 provinces of the Argentinian 1 All the quoted figures are calculated from the data bases of the Argentinian National Statistical Institute (Instituto Nacional de Estadística y Censos -INDEC). 2 For various reasons, the results of the last Agricultural National Census conducted in 2008 are incomplete, and as a result, not published. The last exploitable census was in 2002. Pampas 3 ; second, we adopt a holistic approach by addressing all facets of sustainability. To our knowledge this comprehensive work has never been done before. Our results suggest a major conflict between the success of the "soybeanization" of Argentinian agriculture measured in terms of production and profit records, and the social, economic, and environmental, sustainability of this new model of production.
The rest of the paper is organized as follows. Section 2 discusses the concept of sustainability in agriculture in order to lay the foundations for the succeeding sections. Section 3 to 5 investigate the economic, environmental and social sustainability of GM soybean production. Section 6 discusses the results and policy implications.
What is sustainability in agriculture?
Sustainable agriculture is a multifaceted concept. Like for sustainable development, there is a variety of definitions for sustainable agriculture. Pretty (1995) acknowledged the difficulty to define it, but several definitions have been proposed over time (Pretty, 2008) . However the multiplicity of definitions proposed in the literature makes a definition difficult to use and implement. 4 Defining the durability of agriculture is all the more difficult due to its multifunctionality. 5 Although the two concepts are different in the sense that multifunctionality is a characteristic of agricultural systems, whereas sustainability is a goal to achieve (OECD, 2001) , their interconnection intensifies the difficulty in providing a clear and useful definition of sustainable agriculture. The following attempts have been made:-"agricultural technologies and practices that: (i) do not have adverse effects on the environment (partly because the environment is an important asset for farming), (ii) are accessible to, and effective for, farmers, and (iii) lead to both improvements in food productivity and have positive side effects on environmental goods and services. Sustainability in agricultural systems incorporates concepts of both resilience (the capacity of systems to buffer shocks and stresses) and persistence (the capacity of systems to continue over long periods), and addresses many wider economic, social and environmental outcomes" (Pretty, 2008, p . 1); -or "integrated system of plant and animal production practices having a site specific application that will, over the long term: (a) satisfy human food and fiber needs; (b) enhance environmental quality; (c) make efficient use of non-renewable resources and on-farm resources and integrate appropriate natural biological cycles and controls; (d) sustain the economic viability of farm operations; and (e) enhance the quality of life for farmers and society as a whole" (1990 U.S. Farm Bill in Velten et al., 2015 .
Other definitions have been provided at the farm level: "For a farm to be sustainable, it must produce adequate amounts of high-quality food, protect its resources and be both environmentally safe and profitable. Instead of depending on purchased materials such as fertilizers, a sustainable farm relies as much as possible on beneficial natural processes and renewable resources drawn from the farm itself" (Reganold et al., 1990 in Velten et al., 2015 . Other authors concentrate on the sustainable management of resources like land and water resources (Hayati et al., 2010) .
To sum up, these definitions focus on an agriculture that meets human needs, today and for future generations; limits its negative impact on natural resources; is economically durable; and is socially acceptable. Our analysis aims to capture different social, economic, and ecological parameters, and to cover both macro and farm levels. At first sight, trade-offs seem to exist between sustainable agriculture and productivity, which challenges the compatibility between these pillars of sustainable development (OECD, 2008; Pretty, 2008) .
In the case of GM soybean cultivation, the trade-offs are especially challenging given, on the one hand, its high profitability and its contribution to the Argentinian economy, and on the other hand, its pressure on natural resources. Therefore in the subsequent sections, we thoroughly investigate every facet of GM soybean cultivation in Argentina in order to assess its sustainability, taking into account three dimensions: economic, social, environmental. There are several points of contention about the sustainability criteria for Argentinian agriculture. Does GM soybean cultivation use ecological processes, or does it have adverse environmental impacts? Does it minimize the pressure on resources and harm on human health? Does it contribute positively to the Argentinian economy? Does it favour social cohesion and farmers' livelihoods? It goes without saying that the answers to these questions are not unequivocal, which we will discuss in the following sections.
Economic sustainability
In order to assess the long-term economic sustainability of GM soybean production, both the farm and the macro levels must be considered.
At the farm level
At the micro-economic level, private profitability ultimately determines whether producing GM soybean will be considered "sustainable" by Argentinian farmers. Most studies have found positive economic returns for the adoption of GM soybean in Argentina, and many authors indicate on average 20 dollars per hectare in cost saving compared to conventional soybean (Craviotti and Gras, 2006; Moschini et al., 1999; Penna and Lema, 2002; Qaim and Traxler, 2005; Trigo and Cap, 2004) . Gains in total productivity of 10% have been reported, as well as the fact that 90% of the economic value created by the crop is retained by producers (Qaim and Traxler, 2005) .This is confirmed in two recent meta-analyses (Finger et al., 2011; Klümper and Qaim, 2014) which stress the better economic performance of GM crop cultivation.
The main benefits of GM technology are a better cultivation process which results in higher yields, and in big reductions in operating costs. Better crop yields arise mainly from the spreading of glyphosate, which facilitates weed management, and considerably reduces the losses related to weed infestation. Savings in operating costs result from mechanization of all farming operations, which saves producers' time performing daily tasks, reduces farm labor requirements by about 30%, and simplifies the management of cultivation operations. In addition, GM seeds and glyphosate are available at low prices, due to the inability of Monsanto to patent its innovation in Argentina.
Whether these economic advantages can be sustained in the long term remains an open question for many reasons. First, the profitability of GM soybean cultivation is highly dependent on the price of soybean in international markets. The dramatic rise in soybean prices from the end of 2007 to mid-2014, due to rising demand in Asian countries, boosted farm profits. However, there is considerable uncertainty about soybean prices which makes it difficult to predict future farm revenues. Prices for most agricultural products are expected to decrease over the next ten years, but they will remain at a higher level than before the peak of 2007 -2008 (Organisation For Economic Co-Operation And Development, 2015 .
Second, soybean producers also have to face a high export tax which reduces the price they receive compared to the corresponding export price. Between 2007 and 2014, it is estimated that soybean producers received between 60% and 68% of the FOB (Free On Board) price (Regúnaga and Rodriguez, 2015) . However, due to worsening terms of trade, and in order to boost the country's agricultural output, the new government decided to reduce the export tax by 5 percentage points. Although this significant policy change sounds like good news for soybean growers, it might not have a significant impact on planting decisions because it does not compensate for the 24% fall in export prices since mid-2014.
A third challenge in the future is related to the high investment costs in terms of seeds, chemical inputs, and machinery incurred by soybean production. The high costs per unit area demand financial solidity in case of adverse events so that the following agricultural cycle is not jeopardized. This has been a key driver of the GM soybean adoption decision, and will continue to be. Farmers with significantly greater financial resources, or those able to attract capital, national or foreign, generally through sowing pools, found GM soybean production profitable and adopted it. Those who lack these abilities have been, and will be, excluded from the sector. The risk is a future concentration of land and production in the hands of some happy few.
A fourth source of concern is future yield decrease due to current agricultural practices that do not follow the recommended crop sequences. Many studies highlight the benefits of crop rotation on yields (Bacigaluppo et al., 2009; Caviglia and Andrade, 2010; Mudgal et al., 2010; Rótolo et al., 2015) , and underline the risks of the reduction of soil quality in the long term in the case of monoculture. Continuous cropping of soybean will require an increased use of fertilizer which might turn profits into losses.
At the macro-economic level
From a macro-economic perspective, soybean is a key crop. With a share of 25% of total exports, the soybean sector makes a positive contribution to the Argentinian trade balance. High export taxes have helped to secure a considerable source of revenue for the public budget.
However, the specialization of Argentinian agriculture on soybean over recent decades has taken place with a growing number of weaknesses and vulnerabilities. First, Argentina's economy remains heavily dependent on soybean. The high concentration of exports on a single crop exposes Argentina to moderate shocks to world commodity prices. The high share of soybean export taxes in the government's revenue (15-20%) implies that Argentina's debt service sustainability depends significantly on the foreign exchange revenue generated by soybean export earnings. The sharp decline in soybean world market prices since mid-2014 has fueled pressures on public finances and contributed to increasing the fiscal deficit.
Likewise, since more than 90% of soybean production is exported, the vulnerability of the soybean sector to the economic growth rates and trade policies of importing countries is high. Although
Argentina has a long list of trade partners 6 , high concentration is observed in destinations: currently nearly 60% of soy exports are concentrated in 5 markets: China (22%), European Union (21%), Indonesia (8.5%), Vietnam (5.7%), and Thailand (5%). Argentina's soybean trade surplus is therefore heavily dependent on Chinese demand, and European regulation regarding GM products.
Second, Argentina exports soybean in the form of untransformed products (grain), milling byproducts (pellets), and first-stage processed products (oil). This low level of sophistication of soy export products results in a low unit value for soybean exports. Anlló et al. (2013) estimate that the unit value of cereals and oilseed exports is lower (less than 600 dollars per ton) than the average 4000 dollars for lemon, meat, milk, and tobacco. This suggests that soybean exports do not offer much opportunity for growth and productive employment.
Third, soybean production is rain fed and more sensitive to rainfall anomalies than wheat or sunflower (Hernandez et al., 2015) . The growing share of soybean in total production, and area, raises the risk of high dependence on a single climate-vulnerable crop. This may limit the country's ability to face a weather shock, and result in a higher global vulnerability of the agricultural sector to rainfall variability.
Fourth, the soybean model of production is led by large agricultural organisations, commonly called sowing pools, which cultivate hundreds of thousands of hectares. They usually rent land not only in various areas of Argentina, but also in other neighboring MERCOSUR countries (Brazil, Bolivia, and Uruguay). The diversification of production sites allows them to take advantage of different local agronomic conditions, market prices for the outputs, relative operating costs, and political risks associated with each country (Gras and Hernandez, 2013) . This strategy has raised concerns about possible moves of capital out of Argentina in case of loss of profitability. The sharp decrease in soybean prices since 2014, combined with rising costs and adverse agricultural policies, have led many sowing pools to reduce the area rented in Argentina, and to relocate production in Uruguay, where it is estimated that 40% of the land sown to soybean is managed by Argentinian pools (Eleisegui, 2014) . Although the short-term impact on local producers who seek to enlarge their farms might be positive, they have lost control of the terms and conditions of their access to land. Little is known about the long-term effects of this changing local embeddedness on economic and social wellbeing.
World demand for soybean is forecasted to grow in the long term, and few countries have sufficient land reserves to expand production to meet this demand, even in the context of increased yields. Argentina (with Brazil, Paraguay and Bolivia) is one of these happy few. Unfortunately, these promising opportunities will increase Argentina's economic specialization in overwhelmingly naturalresource intensive products. This global situation is in the context of the challenges of natural resources conservation, land use sustainability, and good agronomic practices, which are discussed in the next section.
Environmental sustainability
The agro-industry is essential to the Argentinian economy and is a strong driver of its economic growth. However GM soybean production generates a wide range of environmental externalities. Its long term environmental sustainability has thus been seriously questioned (Alabaldejo and De Sartre, 2012; Bouza et al., 2016; Carreño et al., 2012; de la Fuente et al., 2006; Gavier-Pizarro et al., 2012; Leguizamón, 2013) . But some authors do highlight benefits (Brookes and Barfoot, 2005; Burachik, 2010; Viglizzo et al., 2011a; Viglizzo and Frank, 2014) , and claim that it contributes overall to sustainability (Burachik, 2010) . In the absence of primary data, we provide here an overview of the main impacts of GM soybean production on the environment, with a focus on water and air quality, climate change and land conversion, and soil health.
Water and air quality
The consequences of GM soybean cultivation on water quality have been investigated in several studies (Viglizzo et al., 2011a (Viglizzo et al., , 2011b Viglizzo and Frank, 2006) . Agricultural activities need water and at the same time are one of the main sources of water pollution. This pollution is particularly difficult to address because it does not consist of point-source effects. The use of Endosulfan 7 in soybean cultivation has notably contributed to the pollution of groundwater (Gonzalez et al., 2012 (Gonzalez et al., , 2010 . Intensive agriculture also has adverse effects on air quality. A recent study in Argentina's Pampas (Astoviza et al., 2016) showed a high concentration of Endosulfan in the air.
Climate change and land conversion
Agricultural activities represent 45% of greenhouse gas emissions in Argentina followed by energy, waste management, and industrial production. Within agricultural activities, the main sources of crop-related emissions are due to the use of agricultural land (98.7%)(World Bank et al., 2015) . On the other hand, some authors argue that the current methods of GM soybean production lead to energy savings, therefore offsetting some negative impacts. 8 It is worth noting however, that the rapid expansion of GM soybean cultivation has considerably modified the country's natural environment with the expansion of crop land at the expense of natural areas and forests (Bouza et al., 2016; Cabrini and Calcaterra, 2016; Gasparri et al., 2013; Rótolo et al., 2015; Urcola et al., 2015; Viglizzo et al., 2011a) .
The issues causing most concern are deforestation, which leads to reduction of biomass carbon stock, habitat destruction, and the depletion of soil phosphorous stocks (Matteucci et al., 2016; Viglizzo et al., 2011a) . According to Bouza et al. (2016) : "The total loss of ecosystem services due to land-use/cover change (LUCC), wetlands degradation and use of land degrading management practices on grazing lands and selected croplands is about 2007 US$75 billion, which is about 16 % of the country's GDP". The Argentinian forest area 9 has decreased over time from 13% in 1990 to 10% in 2012. The main drivers of deforestation are agricultural expansion, infrastructure development, and logging. The deforestation has been reinforced by poor enforcement of the Forest Law approved in 2007 (United Nations Environment Programme and GRID -Arendal, 2009, chap. 6), and environmental laws (Bouza et al., 2016) 10 . Several researchers (e.g. Moutinho and Schwartzman, 2005) highlight the fact that the immediate benefits of deforestation are big, the net present value of soybean being higher than total revenue from logging, and also higher than the net present value of cattle ranching. Clearing forests for crops such as GM soybean is therefore a profitable option. The deforestation rate is higher in the Northern states of Argentina which have also experienced an expansion of GM crops. This is line with the results of a recent meta-analysis of 117 studies, in which Ferretti-Gallon and Bus (2014) find "that forests are more likely to be cleared where economic returns to agriculture and pasture are higher, either due to more favorable climatological and topographic conditions, or due to lower costs of clearing forest and transporting products to market". Such results are confirmed by Gasparri et al. (2013) who investigated the link between soybean expansion and deforestation in Argentina, with a focus on the Northern Argentine Dry Chaco using data for the period 1972-2011.
Soil health
The introduction of glyphosate and other pesticides for intensive GM soybean cultivation challenges the durability of soil quality and poses questions about health impacts (Astoviza et al., 2016; Burachik, 2010; Urcola et al., 2015) . World Bank et al.(2015) report that in Argentina "Desertification and degradation (physical, chemical, or biological) processes have occurred on 60 million hectares of land that produce 50% of crops and 47% of livestock, with expected continued losses of up to 650,000 ha/year". However, there is no clear-cut consensus on the specific impact of GM soybean cultivation on soil health. Indeed some authors argue that there are positive impacts from GM soybean adoption thanks to a reduced use of pesticides, and to no-till practices (Klümper and Qaim, 2014; Viglizzo et al., 2011a) . In a recent meta-analysis on GM crops, Klümper and Qaim(2014) investigate 147 studies which reported the impact of GM soybean, GM maize and GM cotton, and find that GM technology has led to a 37% decrease in the use of chemical pesticides.
Continuous cropping of soybean is another source of concern for soil health. Future yields may fall as a result of current agricultural practices which do not follow the recommended crop sequences. As discussed above crop rotation is beneficial for yields (Bacigaluppo et al., 2009; Caviglia and Andrade, 2010; Mudgal et al., 2010; Rótolo et al., 2015) and monoculture could lead to soil depletion. If this depletion occurs, continuous cropping of soybean would require an increased use of fertilizer.
Short-term versus long-term concerns
Simply maximizing short term profits without taking into account the adverse environmental impacts would have a big long term cost for the country (deforestation, land degradation, health impacts, etc.). Several recent research papers provide interesting insights. Using a survey of agribusiness stakeholders and in-depth interviews, Arora et al. (2015) find that landlords tend to favour the long-run, in terms of environment, social, and economic returns. Conversely, tenants are more short-run focused, and care more about immediate benefits. These results are confirmed by several hedonic price studies performed for farmland in Argentina Phélinas, 2015a, 2015b) .
Finally, to fully account for the impact of GM soybeans, the emergence of health problems, such as respiratory illness or high incidences of cancer, resulting from aerial spraying of pesticides, which have been reported (Arancibia, 2013; Gallegos et al., 2016; Schinasi and Leon, 2014) should be taken into account. It should also be noted that the International Agency for Research on Cancer has classified glyphosate as probably carcinogenic to humans (Group 2A)(IARC, 2015).
Social sustainability: land distribution and employment
Our analysis of social sustainability is based on a quantitative survey implemented in 2011 in 2 provinces in the humid Pampas region (Buenos Aires and Santa Fe provinces). These provinces are both located in the core zone of GM soybean production, and are representative of Pampas agriculture. They also have similar agro-environmental characteristics.
Land distribution
Many authors have asserted that the expansion of GM soybean cultivation in Argentina has led to land and production concentration (Joensen et al., 2005; Leguizamon, 2016) . It is argued that this concentration process has been driven by a decrease in the number of small farmers, and a corresponding expansion of the remaining producers who sought to enlarge their farms. However, data drawn from the last exploitable agricultural census in 2002 does not support the idea of a dramatic increase in land concentration. Admittedly, the number of small-scale farms (less than 500 ha) decreased by 18% since the previous agricultural census (1988) . In fact, the medium-sized farms (between 500 and 2500 ha) benefited from the withdrawal of the smallest. Both their number and share in total cultivated area increased (respectively 4.6% and 1.9%). Conversely, the number of very large farms (more than 10,000 ha) fell by 3%. The area that they controlled slightly increased from 35.8% in 1988 to 36% in 2002.
There has been little new information since the last exploitable agricultural census in 2002, and most opinions are based on very limited data. In addition, sowing pools, who operate mainly under informal agreements are not recorded as such in the census, nor in official statistics. It is thus very difficult to gather information about their relative importance. However, reliable sources estimate that they farm no more that 12% of the total cultivated land (Manciana,2009 ). Since our survey was designed to capture land rented through sowing pools, we are able to analyze the impact of these arrangements on land distribution.
In the 2 provinces of the Pampas region that we surveyed, average land holding ranges from 232 ha to 404 ha (see Table 1 ), a size which is quite low by Argentinian standards. This fact tends to support the idea that GM soybean cultivation is neutral as regards size of land holding. Most producers in the Pampas have profitably adopted biotechnologies, even if they do not farm huge areas of land. Tenancy rates are quite high in the 2 provinces surveyed, and land lease arrangements with sowing pools are not uncommon. Farmers rent about 42.6% of the land they cultivate in Buenos Aires, compared to 53.2% in Santa Fé. Of this rented land, 30% is rented through sowing pools in Buenos Aires, 24% in Santa Fé.
The land distribution pattern is skewed. According to our data 80% of farms which each have under cultivation less than 500 ha control together 45% of the total land cultivated. The remaining 20% of farms control 55% of the land. To examine the land distribution more closely, we calculated several Gini coefficients which are presented in Table 1 . Overall, we find levels of Gini coefficients which indicate a high degree of land concentration. To address the question of whether increased tenancy and expansion of production networks worsened the skewedness of land distribution, we compare the concentration of the land owned to the land cultivated on the farmer's own account (owned land plus rented land on own account), and to the total cultivated land (cultivated land on own account plus rented through production networks).
We find more a equal land distribution in cultivated land than in owned land. This means that producers initially endowed with larger land holdings do not increase their operated land much through tenancy. In relative terms, the increase in cultivated land thanks to tenancy is due to the smallest owners. Mean land holding size in the bottom land size quartile is 6 times more than the land owned, while it is "only" 44% more in the top quartile. The land market is therefore not working against small farmers. However, the results differ significantly depending on what type of rented land is considered in the estimates of land inequality. The Gini coefficients are virtually unchanged when cultivated land on own account is taken into account. Conversely, participation in production networks contributes to a decrease in the dispersion of land holdings: the Gini coefficients decline by 10-11% when the land rented through sowing pools is added to own land and land rented on own account. Finally, land distribution appears less skewed in the Buenos Aires province, where farmers allocate nearly 58% of the land they cultivate to GM soybean, than in Santa Fé where soybean is less intensively cultivated (37.5% of cultivated land).
These results, though tentative, provide some indication that land concentration, contrary to a widely held belief, has not and might not worsen over time as a result of the increased share of land devoted to soybean, increased tenancy, and expansion of production networks.
Employment reduction
Did the expansion of soybean production lead to a reduction, or to an increase, in the agricultural labor force? This is now one of the most controversial issues in Argentina. Based on both agricultural and population censuses, several studies have connected the loss in the agricultural labor force during the 1990's to the expansion of GM soybean, and the associated technical changes (Benencia and Quaranta, 2006; Piccinini, 2007; Villulla, 2010) . These studies also highlight that the new system of production has stimulated the demand for skilled labor -such as agricultural engineer, accountant, data processing specialist, etc. Other studies, focusing on the global value chains of production, argue that labor displacement in primary operations has been (at least partly) offset by new employment in the services sector, the production of inputs and agricultural equipment, the automobile and financial sectors, etc. (Bisang and Sztulwark, 2006) .
To address the question of whether soybean expansion has had a positive or negative impact on employment, we need to separate the direct employment at the farm level, which is related to the effects of changes in cropping pattern and the intensity of mechanization, from indirect employment within the soybean chain and its connections with other economic sectors. GM soybean production is by far the least labor-intensive crop in Argentina. Most agricultural operations (ploughing, fertilizing, spraying, threshing, harvesting) are mechanized. Increasingly bigger and sophisticated machines have been designed in order to cultivate large tracts of land, thus reducing working time. The growing use of information technology (to control the level of moisture and the quantity of fertilizer) allows the producer to achieve good monitoring of the production process with very few visits to fields. The adoption of this high-tech farm equipment has sharply reduced the producer's labor requirement, and resulted in a big reduction in the number of days of work needed for farming operations.
To illustrate the impact of GM soybean adoption on the employment at the farm level we use the comparison between Buenos Aires and Santa Fé, since they differ in their agricultural patterns. Table  2 shows several wage employment indicators calculated from our survey. The table also gives the figures for some factors in the employment patterns. Farmers in Buenos Aires obviously create fewer jobs than in Santa Fé. The number of wage workers per farm and per 100 hectares is nearly 30% less in Buenos Aires than in Santa Fé. Similarly, only 0.5 day of work per hectare and per agricultural cycle is needed in Buenos Aires, whereas farmers in Santa Fé need 0.75 day per hectare and per agricultural cycle. Provincial differences in labor intensity can be explained by two main factors: a bigger expansion of GM soybean cultivation in Buenos Aires, and the higher intensification of mechanization which is associated with soybean. Farmers in Buenos Aires have decided to get rid of their livestock activity, or to move it to marginal zones in order to devote more area to soybean. As a result, soybean cultivation occupies 55.7% of the area sown whereas this share is only 37.5% in Santa Fé where farmers still allocate a large part of their area to livestock. Also, the rate of farm equipment differs strongly between the 2 zones being 1.23 in Buenos Aires and 0.80 in Santa Fé 11 . Another significant trend in agricultural employment in Argentina has been the qualitative changes in the labor demand. Producers acknowledge that the technological competence associated with the technically advanced productive process is such that it requires qualifications that they usually do not have. They thus call more and more on a qualified labor force to carry out precise tasks, for controlling or monitoring crops, and in management, accountancy, data-processing, etc. Soybean production has thus become a new labor market entry point for highly qualified workers such as agronomists, engineers, and marketing and financial analysts (Gras and Hernandez, 2009) . Our survey data indicates that the distribution of working days according to the type of task performed during a crop year confirms that GM soybean cultivation tends to create high-skilled jobs while low-skilled ones are lost (see Table 3 ). Buenos Aires has a higher share of working days for the higher qualified roles, such as production technician and farm machinery operator (i.e. workers who not only drive highly sophisticated machines, but also repair them), than Santa Fé. These two categories of workers appear to be the winners in the technical changes in agriculture. Conversely, lower-skilled laborers, seasonal or permanent, appear to be significantly displaced by the intensive mechanization of the production process of GM soybean. Their share represents 44.4% of total labor days in Buenos Aires against 46.7% in Santa Fé.
The evaluation of indirect employment is particularly difficult to estimate because GM soybean production and processing (oil and meal) involves many different economic agents. The most important are: input providers for primary production (seeds, fertilizers, herbicides, machinery and equipment); service providers, both on farm (e.g. contractors in charge of cultivation operations), and off farm (e.g. transportation, storage, local and international trading, crushing). Undoubtedly, the new organizational production model of soybean has resulted in the creation of several thousands of small or medium sized new firms, which are scattered all over the producing areas, except the crushing industry which is mostly located at the ports (Regunaga, 2010) .
The labor content of these new activities is difficult to estimate mainly because official statistics give employment by industry, but do not isolate soybean. Only a few researchers have looked at empirical strategies for measuring the labor content in the soybean sector (excluding direct cultivation). The two best tentative pictures of indirect employment have been done by Bisang and Sztulwark (2006) , and Llach et al. (2004) . Although they used quite different methods (respectively value chain analysis and input-output matrix) they reached similar results. According to their calculations, the soybean supply chain employed on average a little less than 200,000 workers in 2005, out of which input and service providers accounted for around 95,000 jobs, transport and commercialization 40,000 jobs, and the agro-industry around 100,000 jobs. If we compare these figures to the total number of workers on soybean farms for the same period, we find that indirect employment represents around 65% of total employment in the value chain. The multiplying effect on employment (i.e. the extent to which a job created in soybean farming is associated with job increase in the soybean chain), can be expected to be significant. However, the strong forward and backward linkages of soybean farming to employment in other economic sectors must not be allowed to hide the fact that the former farm laborers may not have easy access to the jobs created outside agriculture. Moreover, consumption linkages, resulting from the increase in farm incomes, are known to have weak employment effects if agricultural growth is concentrated on medium and large scale farms (Haggblade et al., 2007; Haggblade and Hazell, 1989) . This is because in this case, increases in farm incomes do not lead to greater demand for local goods and services, but rather for goods that are more likely to be produced in Buenos Aires or abroad. As a result few employment opportunities are created. Some analysts argue that specialization in soybean production has destroyed indirect employment (Rodríguez, 2005; Villulla, 2009) . Previous small shops which used to sell agricultural products and processed agricultural and livestock products to local populations have disappeared, as well as agricultural machinery repair businesses. In the same way, local production of cattle sub-products (e.g. cheese, butchery) has also disappeared. Unfortunately, unskilled former agricultural workers "displaced" by soybean used to depend on these kinds of jobs for their livelihood. As a result, it is likely that GM soybean expansion has brought few if any economic benefits for the poor.
Conclusion
The objective of this study is to analyse the sustainability of GM soybean production in Argentina, from all perspectives of sustainability. We provide a thorough investigation of conflicting interests and views on the growth of soybean production.We use recent survey data to show that GM soybean production has significant economic, social, and environmental impacts. GM soybean package adoption increased farm productivity and reduced the costs per unit produced. The resulting dramatic increase in profits constituted a strong incentive to extend the scale of production. The development of companies which combined different actors from both agricultural and non-agricultural sectors, constituted a good way to extend the scale of production. These companies made it possible to gather the resources (land, financial capital, technical skills) essential to the implementation of the very technical GM soybean production.
We find evidence that technological innovation in Pampas agriculture has been the source of fewer socio-economic problems than is usually believed. Although we found big disparities in land distribution, high tenancy rates combined with the expansion of production networks do not increase land inequality. Instead we find evidence that landholding size increased for all strata, the increase being largest in percentage terms for farmers at the bottom end of the land size distribution. In the same way, we found mixed empirical evidence about the labor displacement effect of soybean expansion. On the one hand, the expansion of GM soybean cultivation undoubtedly contributed to reduce labor absorption in agriculture. The technical package introduced by biotechnologies caused the loss of many jobs at the farm level, and a significant shift in demand away from unskilled to skilled labor was observed. On the other hand, numerous jobs have been created in the soybean value chain, for instance in the processing industry, transportation, and storage. Whether they compensated the jobs lost in primary agricultural operations remains an open question, but it is likely that the adjustment to innovation has been particularly painful for former farm laborers who face limited nonfarm employment opportunities. There is a high risk that they remain unemployed and fall into poverty.
Undoubtedly, Argentina enjoys a strong comparative advantage in the production of primary products thanks to its soils (Chisari et al., 1996) . This advantage has been increasing in recent years thanks to the performance of the oilseed sector (Bekerman and Dulcich, 2013) . GM soybean production has thus become one of the strategic components of Argentina's economy as well as part of the country's international positioning. Given the critical importance of soybean exports for both the Argentinian economy and fiscal account balance, it is highly unlikely that the government will implement policies against this precious crop and its by-products. However, promoting sustainable agricultural growth has become not only desirable, but a necessity.
That being said, despite the publication of numerous studies stressing the adverse environmental impacts of GM soybean production, there is no clear-cut consensus on the topic. Overall these mixed results are well presented by Bouza et al. (2016) , Qaim and Traxler (2005) , and Viglizzo et al. (2011a Viglizzo et al. ( , 2011b . Stakeholders of the GM soybean agro-industry, as well as citizens, should engage in further research and public debate in order to weigh the overall environmental and health costs of GM soybean against its profit. There remain many concerns about the impact of GM crops on the environment, despite their profitability (Pohl Nielsen et al., 2001) . The production of GM soybean will continue to generate debate until the economic/environment trade-off is understood. A consensus is yet to be found.
